The purpose of this study was to investigate whether intensive insulin treatment of dogs suffering from type 1 diabetes mellitus, resulting in tight glycemic control, could be reflected by changes in peripheral leukocyte metabolism. Specifically, plasma metabolites and enzyme activities were assessed. In addition, quantitative RT-PCR was used to determine changes in insulin signaling gene (insulin receptor substrate (IRS)-1, IRS-2 and phosphatidylinositol 3-kinase (PI3-K) P85) mRNA levels in peripheral leukocytes. Lastly, leukocyte enzymes involved in cellular energy metabolism were examined for changes in glucose utilization. Our results indicated that intensive insulin treatment was successful in type 1 DM dogs, leading to tight glycemic control. The mean glucose concentration and glycated albumin percentage significantly decreased to 156 mg/dl and 15.6%, respectively, following treatment. In peripheral leukocytes, the IRS-2 and PI3-K p85 mRNA levels significantly increased, and a significant increase in pyruvate kinase and pyruvate carboxylase activity, two enzymes involved in cellular energy metabolism, was also observed post treatment. Therefore, the observed changes in insulin signaling pathway activity and cellular energy metabolism enzyme activity in peripheral leukocytes are considered to be characteristics of amelioration of glucose metabolism by insulin action. As such, peripheral leukocytes are sufficiently sensitive to monitor for improving glycemic control during intensive insulin treatment of type 1 DM dogs. Blood cells such as leukocytes are much more readily available than muscle or adipose tissue for studies in dogs.
Diabetes mellitus (DM) is a commonly encountered endocrine disease affecting dogs with an ever increasing prevalence. Type 1 DM (> 50% of DM cases) appears to be the most common form of canine diabetes [45] , and insulin injections are commonly used as an effective treatment for long-term glycemic control, as is the case with humans [17] . It has been previously demonstrated that intensive insulin treatment can substantially reduce the onset and progression of diabetic complications in human patients suffering from type 1 DM [14] . Although, intensive insulin treatment should be considered and probably recommended for most patients with type 1 DM [13] , its implementation is difficult due to the rigorous requirement of constant monitoring of the patient to prevent hypoglycemia. It has been reported that diabetic dogs with inadequate glycemic control have immune system abnormalities [35] , especially increased susceptibility to infections [26] and a higher risk for rapid development of cataracts [17] . Interestingly, a prominent feature during immune response is an increase of glucose utilization by white blood cells. As such, it has been suggested that insulin may regulate the immune response either directly [53] or indirectly by influencing the energy balance of the immune cells [24] . Therefore, intensive glycemic control treatment would be important to delay the onset of cataract formation and ameliorate the immune state in these animals. Currently, the benefits of intensive glycemic control treatment for type 1 DM dogs have yet to be reported in the literature. In addition, a major risk associated with intensive insulin treatment in diabetic dogs is recurrent hypoglycemia [36] .
A major action of insulin is regulation of the metabolic pathways of protein, glycogen and fatty acid synthesis. Insulin binding to the extracellular -subunit of its receptor results in autophosphorylation of tyrosine residues in the receptor -subunit and activation of a tyrosine residue intrinsic to the -subunit [12] . This leads to recruitment and tyrosine phospohrylation of intracellular substrates such as insulin receptor substrates (IRS) 1-4. Phosphotyrosines on the IRS proteins bind the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3-K), which is a heterodimer of a regulatory subunit (p85) and a catalytic subunit (p110). Its activation, in response to insulin, results primarily through its association with the IRS proteins [59] . Subsequently, PI3-K activation is required for GLUT4 translocation and subsequent glucose uptake. In particular, IRS-1, IRS-2 and PI3-K P-85 are important downstream players of insulin [59] and have been implicated with the incidence of insulin resistance and DM [22, 28, 48] . They are expressed in insulin-sensitive tissues such as the liver, skeletal muscle, abdominal fat and peripheral leukocytes [33, 34] .
Insulin exhibits a strong regulatory function in leukocytes [11, 15, 23, 30, 41, 47] with the major action being, in peripheral leukocytes, regulation of glycolytic enzymes and increased GLUT protein on their plasma membranes [5, 32] . However, the signaling pathway(s) in leukocytes involved in mediating the effects of insulin from its receptor and downstream have yet to be fully elucidated. Although resting human peripheral T-lymphocytes are devoid of insulin receptors, these receptors emerge upon activation of cells by specific antigens or mitogens [23, 24] . Furthermore, it has been shown that neutrophils and monocytes are equipped with insulin receptors [6, 19] . Although insulin binding with monocytes appears to mirror the receptor status in insulin target tissues such as the liver, muscle and fat [44] , it still remains unclear whether monocytes reflect the same changes that occur in insulin receptors at the level of the major insulin target tissues during different pathophysiologic states.
Previously, our laboratory demonstrated that leukocytes can be used to indirectly monitor changes in certain insulinsensitive tissues depending on what marker is utilized [34] . Leukocytes are usually used in clinical studies on insulin action because they are 1) insulin target cells and 2) easy to access as opposed to other insulin-sensitive tissues. Therefore, we sought to determine whether intensive glycemic control treatment for Type 1 DM dogs affects the insulin signaling pathway of peripheral leukocytes. This would thereby provide us with an easy means to gauge and monitor in "real-time" for the efficacy and usefulness of an intensive glycemic control treatment in type 1 DM dogs. As such, the objectives of this study were two-fold. First, concentrations of plasma metabolites and enzyme activities were evaluated to confirm whether intensive glycemic control was achieved in type 1 DM dogs following treatment. Second, quantitative real-time PCR was performed to determine the mRNA expression levels of insulin signaling genes (IRS-1, IRS-2 and PI3-K p85) in the peripheral leukocytes of type 1 DM dogs undergoing intensive insulin treatment. The expression trend was compared against that of peripheral leukocytes, obtained from healthy dogs, cultured with varying insulin concentrations in vitro. We needed to establish whether insulin affects insulin signaling genes and what baseline changes occur in leukocytes from normal healthy dogs since it has never been previously done. In addition, enzyme activities and mRNA levels related to glucose metabolism were also evaluated to investigate whether alterations occur in the peripheral leukocytes of type 1 DM dogs undergoing intensive insulin treatment.
MATERIALS AND METHODS

Animals:
In the present study, nine dogs maintained in our laboratory were split into 2 groups. Three female beagles (7-8 years old) were grouped as healthy dogs. Four beagles (3 males and 1 female, 7-9 years old), 1 miniature dachshund (male, 4 years old) and 1 miniature schnauzer (female, 3 years old) were grouped as type 1 DM dogs and glycemic-controlled by insulin injections in our laboratory. All dogs were fed Eukanuba maintenance commercial diet (IAMS, Tokyo, Japan) twice a day (8 am and 8 cm), and caloric intake was set at 1/2  1.8  RER (BW 0.75  70) and 1/2  2.5  RER (BW 0.75  70), where RER means a resting energy requirement and BW means body weight, for the healthy and diabetic dog groups, respectively.
All diabetic dogs had experienced diabetes mellitus for more than three years and were defined as having DM by clinical signs (polyuria and polydipsia) and documentation of persistent fasting hyperglycemia (over 250 mg/dl) and glucosuria. The diabetic dogs were treated with insulin combination injections of 0.19-0.53 IU/kg insulin glargine (Lantus, Sanofi Aventis, Tokyo, Japan) and 0.19-0.84 IU/ kg human insulin (NPH insulin Novolin N, Novo Nordisk, Tokyo, Japan) twice a day, and their serum glycated albumin (GA) percentages were maintained at 13-20% (between excellent and good glycemic control) [49] while they were maintained in our laboratory before being used in the current study. Measurement of GA has been advocated in diabetic dogs and can provide an index of glycemic control for the previous 1-3 weeks [49] . All dogs were tested for concurrent diseases by examination of CBC tests and serum biochemistry tests. Approval for this work has been given by the Nippon Veterinary and Life Science University Animal Research Committee.
Plasma metabolite and enzyme analysis: Plasma glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, triglyceride (TG) concentrations, lactate dehydrogenase (LDH), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were determined using an autoanalyzer (AU2700, Olympus Corporation, Tokyo, Japan) with the manufacturer's reagents. The plasma GA level was measured using a commercial kit (Lucica TM GA-L, Asahi Kasei Pharma Corp., Tokyo, Japan) described previously [49] . The free fatty acid (FFA) concentration was measured using a commercial kit (NEFA-C test, Wako Pure Chemical Industries, Tokyo, Japan). The plasma adiponectin concentration was measured with a commercial kit (Mouse/Rat Adiponectin ELISA Kit, Otsuka, Tokyo, Japan). Plasma immunoreactive insulin (IRI) concentrations were measured by the ELISA method described previously [35] .
Energy metabolism enzyme activity analysis in peripheral leukocytes: The activities of hexokinase (HK) [8] , pyruvate kinase (PK) [25] , glucose-6-phosphate dehydrogenase (G6PDH) [9] , LDH [27] , malate dehydrogenase (MDH) [7] , glutamate dehydrogenase (GLDH) [50] , AST [46] , pyruvate carboxylase (PC) [51] and citrate synthase (CS) [29] were measured as previously reported. Enzyme activity was measured at 25  2C and expressed as mU per mg of the amount of protein in the fractions. The enzyme unit (U) was defined as 1 mol of substrate degraded per min. The protein concentration in the fractions was determined by the Bradford assay [10] using bovine serum albumin as a standard.
Total RNA extraction from leukocytes cultured from healthy dogs: Preprandial blood (10 ml) was withdrawn from the jugular veins of three healthy dogs into heparinized plastic tubes. The blood samples were immediately centrifuged at 1,700 g for 10 min at 4C to obtain peripheral leukocytes isolated from the buffy coat. Excess erythrocytes were hemolyzed by lysis solution (Buffer EL, QIAamp RNA Blood Mini, QIAGEN, Tokyo, Japan). The leukocytes were then resuspended in phosphate buffer saline (PBS) and washed twice (1,700 g, 10 min, 4C). The cells (1  10 6 cell) were incubated for 0, 1, 2 and 4 hr at 37C in 2 ml RPMI 1640 (Invitrogen, Tokyo, Japan) containing different concentrations of human insulin (0 (control), 100 and 1000 U/ml) (Novolin-R, Novo-Nordisk, Tokyo, Japan).
After incubation, the leukocytes were resuspended in PBS and washed (1,700 g, 10 min, 4C). Total RNA of peripheral leukocytes was extracted from incubated cells using a commercial kit (QIAamp RNA Blood Mini, QIAGEN, Tokyo, Japan), in accordance with the manufacturer's protocol, and stored at -80C until further use.
Total RNA extraction from leukocytes from type 1 diabetic dogs undergoing intensive glycemic control treatment: This part of the study was carried out in two phases, and each phase lasted for up to 14 days continuously. In the first phase (Days 1-14), diabetic dogs were injected with different amounts of NPH insulin (average 0.40 (0.19-0.66) IU/ kg) provided as a single injectable administration twice daily. Since the normal recommended dose of NPH for diabetic doses ranges between 0.5-0.7 IU/kg twice a day [36] , the first phase was carried out to worsen glycemic control. In the second phase (Days 15-28), co-administration of insulin glargine (average 0.29 (0.19-0.53) IU/kg) and NPH insulin (average 0.5 (0.19-0.84) IU/kg) was performed twice daily. The sum total units of NPH and glargine insulin in the second phase were approximately 2-fold greater than units of standalone NPH insulin administered in the first phase of the study. The second phase was carried out to obtain intensive glycemic control. Therefore, the last days (14 days) of the first phase would reflect the worst degree of glycemic control, whereas the last days (28 days) of the second phase should represent the best level glycemic control. Throughout both phases, all dogs were fed a commercial diet (Eukanuba maintenance, IAMS, Tokyo, Japan) twice daily (8 am and 8 pm), and caloric intake was set at 1/2  2.5  RER (BW 0.75  70) for each feeding period.
Preprandial blood (6 ml) was withdrawn from the jugular veins of the dogs into heparinized plastic tubes on days 14-(week 0), 21 (week 1) and 28 (week 2). The blood samples were immediately centrifuged at 1,700 g for 10 min at 4C to obtain plasma, which was immediately stored at -80C until further use. Peripheral leukocytes were isolated from the buffy coat. Cytosolic and mitochondrial fractions were prepared as previously described [57] and stored at -80C until further use. Total RNA of peripheral leukocytes was extracted from blood samples using a commercial kit (QIAamp RNA Blood Mini, QIAGEN, Tokyo, Japan), in accordance with the manufacturer's protocol, and stored at -80C until further use.
Quantitative real-time PCR analysis of mRNA: Quantitative real-time (qRT) PCR analysis was performed in order to compare the mRNA levels of peripheral leukocytes. Total RNA samples from peripheral leukocytes were reverse-transcribed into cDNA using a PrimeScript RT Reagent Kit (TaKaRa, Siga, Japan), according to the manufacturer's instructions. The primers used in qRT-PCR, targeting the dog, were designed from the information in GenBank ( Table 1 ). The qRT-PCR reactions for each gene of interest were performed in triplicate with beta-actin serving as an internal standard. The reactions were carried out with a commercial kit (Perfect Real Time SYBR Premix Ex Taq) using an Applied Biosystems 7500 Real Time PCR Sequence Detection System (Applied Biosystems, Foster City, CA, U.S.A.) using the following protocol: 94C for 10 sec, followed by 35 cycles of 95C for 5 sec and 60C for 34 sec. PCR amplification was carried out in 20 l reactions containing 2 l of template cDNA, 0.4 l of each specific primer, 10 l of SYBR Premix Ex taq, 0.4 l ROX reference dye and 6.8 l of distilled water.
Relative gene expression values were calculated by the comparative threshold cycle (Ct) method using the Sequence Detection System (SDS) 1.2 software (Applied Biosystems, Foster City, CA, U.S.A.). This method gives the amount of target gene normalized to an endogenous reference gene (beta-actin) and was used to determine the mRNA levels of target genes relative to week 0 or the 0-hr control. Hence, the mRNA level of a target gene was expressed as n-fold difference relative to week 0 for the intensive glycemic control study and the 0-hr control for the leukocyte culture study. To determine relative expression levels, the following formula was used: Ct =Ct target mRNA Statistical analysis: The qRT-PCR values were expressed as means  standard deviation (SD). Plasma metabolite and enzyme values were expressed as means  95% confidence intervals (CI). In order to assess significance between groups, Holm-Sidak one-way or two-way repeated-measures post-hoc ANOVA tests were employed whenever appropriate using analysis software (SigmaStat 3.5, Build 3.5.0.54, Systat Software). A difference of P<0.05 was considered statistically significant.
RESULTS
Plasma metabolite and enzyme analysis for intensive glycemic control in type 1 diabetic dogs:
To confirm whether intensive glycemic control was achieved, it was important to monitor key plasma metabolites and enzymes. Mean plasma values of glucose, GA, total and HDL cholesterol, TG, FFA, AST, ALT, LDH, insulin and adiponectin were measured prior to and after intensive insulin treatment (weeks 0, 1 and 2) in the dogs suffering from type 1 DM. The results are shown in Table 2 . As expected, significant changes (p<0.05, Holm-Sidak one-way repeated-measures ANOVA) were observed for the DM group of metabolites and enzymes (glucose, IRI and GA%) at the end of intensive glycemic control treatment (week 2), thus illustrating improved glycemic control. The plasma glucose levels were reduced by half and were within the 100-150 mg/dl ideal range, the plasma IRI levels doubled, showing increased insulin concentration, and the mean plasma GA% decreased to approximately 15%, a value considered to reflect excellent glycemic control [49] . When the lipid metabolism group of metabolites and enzymes (total cholesterol, HDL cholesterol, TG, FFA and adiponectin) was examined, a significant reduction (p<0.05, Holm-Sidak oneway repeated-measures ANOVA) was observed for the total cholesterol and FFA levels at the end of treatment (week 2). In fact, the FFA levels were reduced by approximately 75%. Finally, a series of hepatic injury marker enzymes (AST, ALT and LDH) was examined. No significant changes were observed for AST and ALT, thus indicating that the treatment was not putting additional stress onto the livers of the type 1 DM dogs. Moreover, a significant reduction in LDH (p<0.05, Holm-Sidak one-way repeated-measures ANOVA) was observed, and this could correspond to improved glycemic control after treatment (week 2). Therefore, our overall results indicate that intensive glycemic control was successfully achieved in the type 1 DM dogs.
Quantitative RT-PCR analysis of insulin signaling genes for cultured leukocytes in healthy dogs: To determine whether insulin affects peripheral leukocyte insulin signaling genes, leukocytes isolated and cultured from healthy dogs were incubated for various amounts of time (0, 1, 2 and 4 hr) and with varying concentrations of insulin (0 (control), 100 and 1,000 U/ml). Subsequently, qRT-PCR was used to assess changes in insulin gene expression. The results of qRT-PCR are shown in Fig. 1 . Insulin treatment under various concentrations and incubation times failed to elicit any significant change in the IRS-1 mRNA expression levels as compared with the non-insulin treated controls. However, 
DM Lipid Metabolism
Hepatic Injury on the other hand, insulin treatment, regardless of the concentration, provoked a significant increase (p<0.05, Holm-Sidak two-way repeated-measures ANOVA) in IRS-2 mRNA expression (0.5 fold more than the control) at 1-2 hr post incubation (Fig. 1, IRS-2 Panel). When PI3-K p85 mRNA expression was examined, insulin treatment led to a significant increase (p<0.05, Holm-Sidak two-way repeated-measures ANOVA) in expression (2-2.5 fold higher than the control) at 1-2 hr post incubation, mirroring the results observed for IRS-2 expression ( Fig. 1, PI3 -K panel). It is also interesting to note that for all 3 insulin signaling genes, the higher concentration of insulin (1000 U/ ml) tended to result in a slightly decreased level of gene expression as compared with the lower insulin concentration (100 U/ml). As such, it appears that high concentrations of insulin may, in fact, downregulate insulin signaling gene expression, acting as a feedback mechanism to prevent hypoglycemia. Therefore, our results for the peripheral leukocytes isolated from the healthy dogs demonstrate that leukocytes do respond to insulin under normal conditions and that changes in insulin signaling genes can be assessed.
Moreover, it appears that leukocytes have a preference to use IRS-2 over IRS-1 when activated by insulin.
Quantitative RT-PCR analysis of insulin signaling genes and glucose metabolism enzymes of leuckocytes from Type 1 diabetic dogs undergoing intensive glycemic control treatment:
Since insulin signaling genes have been implicated with insulin action, the mRNA levels of IRS-1, IRS-2 and PI3-K P85 in peripheral leukocytes from type 1 diabetic dogs were examined for changes before and after intensive insulin treatment (weeks 0, 1 and 2). No significant change in expression of IRS-1 was observed. However, IRS-2 expression was 0.75 fold higher at week 1 and was accompanied by a 0.5 fold increase in expression of PI3-K in week 1 (Fig. 2) . These results demonstrate a pattern similar to that exhibited by the leukocytes obtained from the normal healthy dogs when treated with insulin. Since differences in insulin gene expression were determined, we wanted to further investigate whether expression of key glucose metabolism enzymes (G6PDH and MDH) was also altered after intensive insulin treatment in type 1 DM dogs (Fig. 2 ). No significant difference in the mRNA expression levels of MDH or G6PDH were observed after treatment. These results correspond to similar trends observed for the MDH and G6DPH enzyme activities. Overall, our results indicate that intensive glycemic control treatment in type 1 DM dogs results in increased expression of genes in the insulin signaling pathway of peripheral leukocytes. This increased gene expression may be reflective of the animal's improving glycemic control and its improved response to insulin.
Cytosolic and mitochondrial enzyme activities for intensive glycemic control in type 1 diabetic dogs: As a follow-up to our analysis of insulin signaling gene expression, the activity levels of leukocyte cytosolic and mitochondrial enzymes related to glucose metabolism were compared before and after intensive insulin treatment (weeks 0, 1 and 2) of type 1 DM dogs. The activities of rate limiting enzymes of glycolysis (HK and PK), pentose phosphate pathway (G6PDH), citric acid cycle (PC and CS), malate aspartate shuttle (MDH and AST), LDH as a cytosolic marker and GLDH as a mitochondrial marker in peripheral leukocytes were measured and are presented in Table 3 . No significant differences in the enzyme activities of HK, G6PDH, LDH, MDH, GLDH, AST and CS were observed before and after treatment. However, a significant increase in cytosolic PK and mitochondrial PC was observed. These results suggest that glucose metabolism appears to be more efficient following treatment, and this may be linked to the increase in plasma IRI previously observed. Therefore, these results demonstrate that the type 1 DM dogs, following intensive glycemic control treatment, had increased activities of certain key enzymes involved in glucose metabolism.
DISCUSSION
After having type 1 DM dogs undergo intensive insulin treatment, plasma metabolites and enzymes from these animals were examined to confirm whether tight glycemic control was achieved. The enzymes and metabolites were divided into 3 groups: DM, lipid metabolism and hepatic injury. When the DM class of metabolites and enzymes (plasma glucose, GA% and IRI) was examined, the parameters indicated that intensive glycemic control was achieved. The plasma glucose levels were reduced by half and were within the 100-150 mg/dl ideal range. In addition, the GA% decreased to approximately 15%, a value considered to reflect excellent glycemic control [49] . Interestingly, the plasma IRI levels also significantly increased (approximately doubling). Explanation for the increase in IRI is that the IRI analysis method used in our study may cross-react with the insulin preparation used for administration [35] . As such, higher IRI values were observed after undergoing intensive glycemic control treatment. It has been previously reported that lipid metabolism improves after short-term intensive insulin treatment in human patients suffering from type 2 DM [18] . When the lipid metabolism group of metabolites and enzymes (total cholesterol, HDL cholesterol, TG, FFA and adiponectin) was examined, a significant reduction was observed for the total cholesterol and FFA levels, indicating improved lipid metabolism. In fact, the FFA levels were reduced by approximately 75%, and a reduction in the FFA levels is quite interesting since an elevated level of free fatty acids is believed to cause insulin resistance [18] . This reduction in FFA may indicate improved insulin sensitivity. Lastly, when the hepatic injury group of enzymes (AST, ALT and LDH) was examined, no changes were observed for AST and ALT, thus indicating that intensive insulin treatment was not putting additional stress on the livers of the type 1 DM dogs. However, a significant reduction in LDH was observed after intensive insulin treatment. Individuals suffering from diabetes tend to have elevated plasma LDH levels, and it is believed that overexpression of LDH interferes with normal glucose metabolism and insulin secretion in islet beta-cells [1, 3] . It may therefore be directly responsible for insulin secretory defects in some forms of type 2 diabetes. Therefore, our overall results from plasma metabolite and enzyme analysis indicate that intensive glycemic control was successfully achieved in the type 1 DM dogs.
Insulin exhibits a strong regulatory function in leukocytes [11, 15, 23, 30, 41, 47] with the major action being, in peripheral leukocytes, regulation of glycolytic enzymes and increased GLUT protein on their plasma membrane [5, 32] . After having confirmed that our type 1 DM dogs were successfully treated, we wanted to see what effect intensive insulin treatment rendered at the leukocyte level, specifically with regard to insulin signaling activity and energy metabolism. It has previously been reported that under normal conditions, the leukocytes of humans, rats and bovines have high glucose utilization rates [4, 5, 21, 40, 43, 60] . The Values are presented as means  95% confidence interval. Single asterisks denote significance (p<0.05, Holm-Sidak one-way repeated-measures post-hoc ANOVA) compared with week 0. The double asterisks denote significance (p<0.05, Holm-Sidak one-way repeated measures post-hoc ANOVA) compared with week 1.
Cytosol Mitochondria major metabolites from glucose are lactate, pyruvate and CO 2 in leukocytes. Furthermore, the ATP required for leukocyte functions is mainly produced by metabolization of glucose to lactate [5] . As the energy production of leukocytes mainly depends on aerobic glycolysis, it is to be expected that ATP production in diabetic cells is depressed. Although leukocytes from human diabetic patients display a decreased rate of glycolysis, these abnormalities are easily corrected with in vivo insulin treatment [2] . Therefore, leukocyte enzymes are considered to be a useful marker to evaluate the energy metabolic condition of animals [38, 55, 58] .
Our working hypothesis was that intensive insulin treatment should increase insulin signaling gene expression in leukocytes from type 1 DM dogs, since insulin would increase cellular metabolism. As such, the mRNA expression levels of IRS-1, IRS-2 and PI3-K P-85 were focused on since they are important downstream players of the insulin signaling pathway [59] . Interestingly, qRT-PCR revealed no significant change in IRS-1 mRNA expression in peripheral leukocytes from the type 1 DM dogs undergoing treatment. However, a significant increase in IRS-2 (0.6 fold) and PI3-K p85 (0.5 fold) mRNA expression was observed 1 week after treatment. This suggests that changes in insulin signaling were most evident and prevalent during the period of glycemic control improvement (week 1) as compared with the period of glycemic control stabilization (week 2). Moreover, the increase in IRS-2 and PI3-K mRNA expression matches the baseline response to insulin observed for leukocytes isolated from normal healthy dogs when incubated with insulin in vitro. It is known that insulin action on neutrophils is mediated through PI3-kinase activation [42] . Since IRS proteins and PI3-K show a critical link to insulin signaling [52, 54] , changes in IRS-1 and/ or IRS-2 expression should be mirrored by changes in PI3-K expression. However, the reason why IRS-1 mRNA expression did not significantly increase could be due to the fact that different IRS proteins predominate in different tissues. This tissue tropism has been observed with rodents [59] . We believe that as a consequence of increased insulin signal pathway activity, glucose transport across the plasma membrane also increased [39] . The glucose transport facilitators are proteins of the GLUT family: GLUT1 and GLUT3 account for basal glucose transport, whilst GLUT 4 is responsible for insulin-stimulated glucose transport [20] . Several studies have shown that GLUT1, GLUT3 and GLUT4 isoforms are expressed in human monocytes, neutrophils and T-and B-lymphocytes [16, 31, 32] . Furthermore, monocytes and B-lymphocytes increase GLUT4 isoform on their plasma membranes in the presence of physiological levels of insulin [32] . Another possible effect of increased insulin signal pathway activity to consider, is that although neutrophils and T-lymphocyte do not require insulin to uptake glucose, glucose metabolism within the cell is insulin dependent [37] . Therefore, the improvement of glucose metabolism within leukocytes and direct immunostimulating effect on the main function of leukocytes could be attributed to insulin action [56] . As such, increased insulin signaling pathway activity appears to have a beneficial effect on leukocyte metabolism.
When assessing the energy metabolism of leukocytes, two energy metabolism genes (MDH and G6DPH) were gauged for changes in mRNA expression following treatment since our working hypothesis also included increased cellular metabolism. MDH is an enzyme in the TCA cycle and is involved in gluconeogenesis. G6PDH is a metabolic cytosolic enzyme involved in the pentose phosphate pathway, which provides NADPH for tissues actively engaged in biosynthesis of fatty acids and/or isoprenoids. No significant differences in the MDH and G6PDH mRNA expression levels of the peripheral leukocytes of the type 1 DM dogs were observed before and after treatment. Moreover, these results correspond to similar trends observed for MDH and G6DPH at the enzyme level. As such, intensive glycemic control treatment does not manifest any changes in the mRNA expression levels of MDH and G6PDH in peripheral leukocytes. However, we proceeded to examine other leukocyte enzymes involved in energy metabolism. No significant differences in the enzyme activities of HK, LDH, GLDH and CS were observed in peripheral leukocytes from the type 1 DM dogs after treatment. However, a significant increase in cytosolic PK and mitochondrial PC enzyme activity was observed. Glycolytic enzyme PK is controlled by insulin. As such, the increased enzyme activities of PK may be derived from a higher IRI concentration. Alternatively, PC is essential for gluconeogenesis and serves an anaplerotic role (an enzyme-catalyzed reaction that can replenish the supply of intermediates) for the TCA cycle. Increased PC activity may reflect higher TCA cycle activity. However, the levels of mitochondrial MDH or CS, which is also involved in the TCA cycle, did not increase in this study. No significant change in CS activity has been reported in the neutrophils of diabetic rats, suggesting that the flux of substrates through the TCA cycle is not altered [2] . Furthermore, only 2-3% of glucose is oxidized through the TCA cycle in neutrophils [5] . Therefore, the relationship between PC and the TCA cycle in peripheral leukocytes should be studied further.
In conclusion, intensive insulin treatment was successful for the type 1 DM dogs in our study. Treatment resulted in a significant decrease in blood glucose and GA%, leading to improved glycemic control and lipid metabolism in the animals. Moreover, the treatment improved insulin signaling pathway and energy metabolism enzyme activities in peripheral leukocytes, which may have a positive effect on immune status in type 1 DM dogs. Leukocytes are far more accessible and easier to obtain for studies in dogs than muscle or adipose tissue. Therefore, these cells may become a convenient tool for future studies focusing on the influence of diabetes on glucose and insulin metabolism in diabetic dogs. Peripheral leukocytes were successfully used to monitor for changes in insulin signaling and energy metabolism as a result of successful intensive insulin treatment in our study.
